ABSTRACT We have previously shown that the neural crest is regionalized early into "adrenergic" and "cholinergic" areas from which arise, respectively, the sympathetic and parasympathetic ganglioblasts of the autonomic nervous system. This regionalization does not correspond, however, to an irreversible determination of the neural crest cells since, under certain experimental conditions, cholinergic cells can arise from the adrenergic region of the crest and vice versa. The phenotypic expression of the presumptive ganglion cells appears to be responsive to the environmental conditions they encounter during and/or after their migration. In the present study we show that the developmental behavior of parasympathetic ganlion cells which have stopped migrating and at least some of which have started to differentiate into cholinergic neurons can be profoundly modified if they are transplanted into a younger embryo at the trunk neural crest level. The grafted ganglion cells start migrating and stop in the same sites as the host neural crest cells. Their further differentiation depends on their localization.
When situated in the adrenergic ganglia and in the suprarenal gland they synthesize catecholamines, whereas they differentiate into nonfluorescent, silver-staining ganglion cells if they migrate in the gut wall. Thus, the differentiation of autonomic neurons is dependent on tissue interactions even after the neural crest cells have grouped to form ganglionic structures in which biochemical differentiation is already in progress. The ganglion cells of the autonomic nervous system arise from the neural crest. Using a cell-marking technique by means of which the migration of the neural crest cells can be followed in the developing avian embryo, we have been able to identify various regions in the neural axis according to their role in the formation of the autonomic nervous system: one gives rise to the cholinergic enteric ganglia, another participates in the constitution of the sympathetic adrenergic ganglia and the adrenomedulla, and two areas produce both adrenergic and cholinergic cells ( Fig. 1) (1-3) .
The presumptive fate of the ganglioblasts originating from the regions so defined is not irreversibly fixed. The migration pattern of the crest cells can be changed by transplanting the "vagal" region of the neural crest at the "adrenomedullary" level and vice versa. Under these conditions, presumptive adrenergic ganglioblasts migrate into the gut and differentiate there into fully functional cholinergic ganglia, while cephalic neural crest cells colonize the suprarenal gland and develop into adrenomedullary cells (4) (5) (6) . Therefore, the capacity for developing into cholinergic and adrenergic ganglion and paraganglion cells appears widespread in the whole neural crest (2, 3) , the expression of either one or the other phenotype being dependent on the tissue environment to which the cells are subsequently subjected. Moreover, the plasticity of young auThe costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 tonomic neurons has been demonstrated by culture experiments on the superior cervical ganglion (SCG) of newborn rats (7) (8) (9) (10) (11) (12) . Dissociated neurons of the SCG, cultured in the absence of non-neural cells, develop adrenergic functions, whereas they synthesize acetylcholine (ACh) when cultured either in the presence of non-neural cells or in medium conditioned by such cells.
It seemed interesting to investigate the ability of a differentiating cholinergic ganglion to reverse its developmental fate by changing the cellular environment to which it is subjected during the differentiation process. This was achieved by isolating a cholinergic ganglion from 4-to 6-day quail embryos and by grafting it into the dorsal truncal structures of a 2-day chick at the "adrenomedullary" level of the neural axis. This heterospecific combination allows the subsequent evolution of the grafted cells to be followed, since quail and chick cells can be distinguished by the structures of their interphase nucleus (13) (14) (15) . The subsequent differentiation of the grafted ganglionic cells was characterized by cytochemical and ultrastructural criteria. We have used for these experiments the ciliary ganglion and the part of the ganglion of Remak that develops in the dorsal mesentery at the hind-gut level.
MATERIALS Feulgen-Rossenbeck methods were combined, the explants, first fixed for the fluorescence technique, were embedded in Epon-Araldite. Serial sections were then examined and photographed under UV light, then postfixed overnight in Zenker fluid after removal of the embedding resin as described (19) . After sections were stained by the Feulgen-Rossenbeck technique, catecholamine content and nuclear structure could be observed on the same section.
Tissues were fixed in 2.5% glutaraldehyde in 0. (22) . RESULTS Normal Development of Ciliary and Remak Ganglia. The normal development of the ciliary ganglion in chick embryos has been extensively studied (23) (24) (25) (26) . It is a cholinergic parasympathetic ganglion in which fine varicose nonvascular adrenergic terminals are present, while adrenergic perikarya are absent in all the species studied so far (27, 28) .
The ganglion of Remak, although described a long time ago (see ref. 29 for references), has not been the subject of many recent investigations from the developmental and physiological Neurobiology: Le Douarin et al.
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points of view. However, cytological observations (30, 31) revealed both fluorescent and nonfluorescent ganglionic masses distributed along the nerve of Remak in the adult fowl. An investigation of the evolution of adrenergic and nonadrenergic ganglioblasts in the rectal and cloacal portions of the Remak ganglion of the quail and chick embryo has been done and is reported in detail elsewhere (29) . That study showed that the region of the ganglion of Remak that develops in the dorsal mesentery from the apex of the bursa of Fabricius up to the origin of the caeca did not contain fluorescent perikarya at any developmental stage. Catecholamine-containing cells were seen only at the cloacal level in the pelvic plexus area.
When the complex comprising rectum-dorsal mesenteryganglion of Remak was taken from a 5-day quail embryo and transplanted on the CAM for 6-10 days, only nonadrenergic neurons differentiated in the explants, as is the case in normal development (12 grafts observed). In two cases, L-dopa was injected into a CAM vessel 1 hr before the animals were killed. No fluorescent cells appeared in the ganglion after this treatment, showing that the parasympathetic neurons of the ganglion of Remak are not able to take up and decarboxylate to a detectable extent the precursors of the fluorogenic monoamines.
On the other hand, both the ciliary ganglion and the ganglion of Remak express a cholinergic differentiation from a very early stage. It has already been shown (26) that the avian ciliary ganglion contains measurable choline acetyltransferase activity at 5 days of incubation. To complement this observation, we examined the ability of isolated quail ciliary ganglia to convert [3H]choline to ACh in vitro. ACh synthesis could be detected at 4 days of incubation (approximately 0.02 pmol formed per ganglion during a 4-hr period of incorporation). Two days later, the synthetic capacity had increased roughly 15-fold.
Similarly, in the Remak ganglion at 5 days of incubation, we could measure a low but significant choline acetyltransferase activity (approximately 1.0 pmol/hr per ganglion); activity was 17 times higher in the 6-day ganglion. The ability of the Remak ganglion to acetylate choline in vitro was first detectable at 41/2 days of incubation and rapidly increased, being over 30 times greater in ganglia from 6-day embryos (approximately 0.6 pmol of ACh per ganglion).
Graft of Quail Ciliary Ganglion into Chick Embryo In Ovo. Seventeen successful grafts of the ciliary ganglion in the chick were observed (13 grafts of ganglia taken at 41/2 and 5 days and 4 grafts of ganglia taken at 6 days from the donor quail embryo) (Fig. 2) .
The most striking effect of the transplantation of the ciliary ganglion is the fact that the anatomical integrity of the ganglionic body is not retained in the graft situation. This population of cells, which had stopped migrating and some of which had begun to differentiate in the donor embryo, started migrating anew in the host and became distributed in the various sites in which the presumptive autonomic ganglion cells originating from the neural crest normally settle, i.e., the sympathetic ganglia, the suprarenal gland (and the associated adrenergic ganglia), the aortic and coeliac plexuses, the ganglion of Remak, and the enteric ganglia of the gut. A few supportive cells were occasionally seen in the sensory ganglia at the level of the graft and along the nerves, but sensory nerve cells of quail type have never been observed. The quail cells were often mixed with chick cells in the various neural crest-derived structures to which they homed. In many instances, however, sympathetic ganglia were made up predominantly of cells from the graft. The second significant result of this experiment concerns the phenotype expressed by the grafted ciliary ganglion cells in the various locations in which they settled. The application of the combined Feulgen-Rossenbeck and formaldehyde-induced fluorescence techniques to serial sections of the grafted embryos showed that the ganglion cells that developed in the sympathetic ganglia, the aortic and coeliac plexuses, and the adrenal gland were fluorescent, indicating the presence of catecholamines (Fig. 3) . In the sympathetic ganglia and in the aortic and coeliac plexuses, two types of cells were found, differing in size and fluorescence intensity: large cells, showing a faint greenish fluorescence, which correspond to the differentiating neurons seen in normal ganglia (32, 33) , and smaller cells, more intensely fluorescent, already described in the sympathetic ganglia of many species (see ref. 34 for review). A number of quail cells migrated into the dorsal mesentery, becoming located either in the ganglion of Remak or in the enteric ganglia of the gut; silver staining showed that most of them had differentiated into neurons but none fluoresced. Association on CAM of Quail Ciliary Ganglion with Chick Trunk Region after Unilateral Removal of Neural Primordium. The neural tube plus neural crest of the chick trunk was removed unilaterally and replaced by the quail ciliary ganglion. The implanted ganglion cells migrated in the chick tissue and became distributed in the same way as they did when transplanted into the embryo in situ. In the suprarenal glands, the medullary cords were entirely of quail type on the operated side; only cells with the quail nuclear marker showed cytoplasmic fluorescence in these glands. This result excludes the possibility that the ciliary ganglion cells that migrate into the adrenergic structures of the chick host acquire their catecholamines by means of uptake via the host adrenergic cells. Therefore, the fluorogenic amine content of the cells derived from the ciliary ganglion can only be accounted for by their own acquired ability to synthesize catecholamines.
Graft of Rectal Portion of Quail Ganglion of Remak into Chick Embryo In Ovo. Nineteen grafts performed at the adrenomedullary level of the neural axis were observed (Fig.  2) . Cells of the grafted ganglion of Remak migrated in the same manner as those of the ciliary ganglion except that no quail cells ai. Proc. Natl. Acad. Sci. USA 75 (1978) Proc. Natl. Acad. Sci. USA 75 (1978) 2033 were encountered in the intestine of the host when thgts examined. As in the ciliary ganglion experiments, the quail cells located in the sympathetic ganglia, the suprarenal glands, and the adrenergic plexuses showed cytoplasmic fluorescence. When the ganglion of Remak was inserted into 10-somite-stage chick hosts at the level of somites 5-10, the SCG was chimeric and numerous fluorescent quail cells could been seen.
Electron Microscopic Observation of Suprarenal Glands of Chick Host Embryos. The suprarenal glands of the chick embryos into which a ganglion of Remak or a ciliary ganglion had been grafted were fixed when the host had reached 9 days of incubation. The quail cells could be identified by the structure of their nucleolus provided that the section was cut through the center of this organelle. Three types of quail cells were found in the suprarenal gland of the host: large cells of neuronal type, similar in appearance to principal neurons; smaller cells lining the nerve fibers or associated with the neurons and the adrenomedullary glandular cords (i.e., Schwann cells and supportive cells); and cells with secretory granules. When the ciliary ganglion was grafted, the membrane-bound electronopaque secretory granules had a mean diameter of 101 4 2 nm (n = 120) with a regular, spherical shape (Fig. 4) . Similar granules were observed in the quail carotid body (unpublished), which contains mainly dopamine (35) . Cells derived from the ganglion of Remak contained significantly larger granules, with a mean diameter of 139 + 3 nm (n = 180).
DISCUSSION AND CONCLUSIONS The purpose of this study was to provide further insight into the factors that regulate the expression of phenotypic traits in neural crest cells and, more specifically, in the neuronal population that is derived from it. The diversity of cell types arising from the neural crest raises the question of whether the segregation of the different lines occurs before, during, or after crest cell migration. The mesodermal cells that arise exclusively from the cephalic neural crest, seem to behave independently from the "neuronal and paraneuronal" cell line, as has been shown by heterotopic transplantations of the neural crest between quail and chick embryos (3, 4) . crest. For instance, the suggestion that cells (neuroblasts or glial cells?) of the developing sensory ganglion can give rise to melanocytes in culture has been made (36) . Furthermore, our studies and those of Noden (37) are consistent with the idea that the migration pattern of the neural crest cells is imposed by environmental influences rather than by a predetermination of the cells to reach a precise embryonic site and to give rise to a specific type of derivative. The cephalic or vagal neural crest, grafted at the "adrenomedullary" level of the axis, produces catecholamine-granule-containing cells which populate the suprarenal gland; conversely, the presumptive adrenergic level of the crest transplanted at the vagal level of the embryo gives rise to cholinergic enteric ganglia (Fig. 1) . As to whether the phenotypic expression of crest cells is influenced during the migration process or by the tissue environment encountered at the end of their migration, we were able to rule out the first possibility in enteric ganglioblasts (6) .
If the presumptive neuroblasts are not already committed before they begin to migrate, what are the factors that control the appearance of neuronal traits and determine the choice of neurotransmitter metabolism in the developing neural crest cells? The observation of normal embryogenesis together with accumulating experimental data (2) (3) (4) (5) show that in the embryo the adrenergic phenotype is expressed by neural crest ganglioblasts when the latter differentiate in the dorsal (somitic) mesenchyme, whereas in the splanchnopleural mesoderm only cholinergic cells differentiate. Cohen (38) and Norr (39) suggested that, in fact, the somitic mesenchyme was the only environment which, in the early embryo, allows the expression of the catecholamine metabolic pathway in neural crest cells of the chick trunk. According to these authors, the somitic mesenchyme acquires this property under the influence of the notochord and the ventral neural tube. The prime importance of the notochord in this process is emphasized by the fact that trunk neural crest can give rise to catecholamine-containing cells in the gut mesenchyme provided that the notochord-is present in the explants (2, 40) . Consequently, the somitic mesenchyme cannot be considered as the specific and exclusive support for adrenergic cell differentiation, since it can be replaced by lateral plate-derived mesenchyme.
The experiments reported in the present communication confirm the contrasting influences of the somitic and splanchnopleural mesenchymes on Concerning the nature of the environmental cues furnished in vivo by different kinds of mesenchymal substrates,. the question arises as to whether they involve contact between neural crest cells and mesenchyme or whether the tissue interactions can be mediated by non-membrane-bound molecules. It is interesting that cholinergic differentiation of SCG cells in vitro can be brought about by conditioned medium (7, 11, 12) , and that catecholamine-containing cells can develop from neural crest cells under certain culture conditions (47) . Although the exact relevance of these observations to in vivo neural development remains to be defined, they suggest that intercellular contacts between crest cells and mesenchymal cells are not necessary for the initiation of specific neurotransmitter synthesis in developing ganglion cells.
